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We consider a neutrinophilic Uð1Þ extension of the Standard Model (SM) under which only a second
Higgs doublet and SM singlet scalars and fermions are charged. The new gauge boson Z0 couples to the SM
minimally, generated by Z − Z0 mixing. As the Z0 is very weakly coupled, it can mostly be produced
through the decay of the scalars from the second Higgs doublet at the Large Hadron Collider (LHC).
We discuss the scalar sector of the model in detail and consider decay modes such as ðH� → W�Z0; h2 →
VV; ðV ¼ W�; Z; Z0Þ; A2 → h1Z0ðZÞÞ that lead to multilepton signals at the LHC from the pair production
of the scalars. We analyze the signal with a representative value of the Z0 mass to show the discovery
potential of the two-Higgs doublet model scalars at the LHC.
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I. INTRODUCTION

The discovery of the 125 GeV scalar at the Large Hadron
Collider (LHC) has completed the search for the Standard
Model (SM) particle content [1,2]. Although this scalar
exhibits properties consistent with the SM, it is still
possible that it could belong to an extended scalar sector.
Extension of the SM scalar sector by any nontrivial
representation of the SM SUð2ÞL gauge symmetry would
introduce newCP-odd and charged Higgs bosons and other
CP-even scalars. As the SM does not contain any CP-odd
or charged Higgs scalars, the discovery of these scalars will
point toward beyond the Standard Model (BSM) physics.
Among the various extensions of the SM scalar sector,
adding an extra SUð2ÞL doublet scalar has been of great
interest and is known as the two-Higgs doublet model
(2HDM) [3]. Unlike more complex multiplets, incorporat-
ing the doublet does not alter the electroweak precision
observable, the ρ parameter, at the tree level. The 2HDMs
have been used in models to generate nonzero neutrino
mass at tree level ðν2HDMÞ [4–6] or radiatively [7]. An
inert 2HDM has been popular in explaining dark matter
(DM) abundance in our Universe [7,8] and 2HDMs
have also been used to address some key issues of the

SM, such as the strong CP problem and matter-antimatter
asymmetry [9,10].
Although one can introduce additional scalar doublets to

the SM particle spectrum trivially, they would also appear if
the SM gauge symmetry is extended. Many well-motivated
BSM scenarios, e.g., the minimal supersymmetric standard
model [11], type-II seesaw [12], and the left-right sym-
metry model [13], incorporate such additional scalars. In
this work, we focus on such an addition where the extra
scalar doublet appears in a Uð1ÞX extended scenario and
helps in generating mass for the light neutrinos as well as
providing a DM candidate [14]. All the SM fields are
singlets under the new gauge symmetry and therefore
couple to the new gauge boson Z0 through its mixing with
the SM Z boson. The scalar sector consists of an additional
SUð2Þ Higgs doublet and two SM singlet scalars and we
also include three generations of SM singlet vectorlike
fermions. As the Z0 has very weak couplings to the SM
fermions, the experimental constraints on the Z0 mass allow
it to be much lighter than the exotic scalars that can be
produced directly at the LHC. These scalars can then decay
to the Z0 and lead to interesting signals, which we analyze
in this work.
The LHC has carried out searches for both BSMCP-even

and CP-odd scalars, where it is produced directly or
associatively with the SM particles [15–20]. The LHC has
mostly focused on searches of a charged Higgs boson where
it is singly produced in association with top and bottom
quarks [21,22]. Surprisingly, there are no dedicated searches
for pair-produced charged Higgs by either ATLAS or CMS
Collaborations. In this work, we consider the pair production
of all combinations of the scalars belonging to the second
Higgs doublet at the LHC,which then decay to gauge bosons
ðH� →W�Z0; h2 → VV; ðV ¼W�; Z;Z0Þ; A2 → h1Z0ðZÞÞ.
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The subsequent decay of the gauge bosons can produce
interesting multilepton and multijet signals. We choose an
inclusive 4lþ X final state to look for at the LHC. We also
evaluate the current constraints on our model parameters
using the multilepton signal searches at ATLAS and
CMS [23,24]. In a 2HDM, the charged Higgs H� does not
couple toW�Z, whereas in the present model it can couple to
W�Z0, giving rise to multilepton final states. Therefore,
ATLAS 4lþ X channel study can put constraints on such
models. Our study shows how such nonconventional scalars
can be probed and constrained using the multilepton channel.
This model contains BSM fermions and scalars field

which help generate SM neutrino masses via the inverse
seesaw mechanism and address the DM puzzle of the
Universe [8,25]. The collider signals of the new gauge
boson Z0 in this model have been studied at the LHC, where
the new physics signal is mainly driven by gauge kinetic
mixing (GKM) [25]. Additionally, we have also studied the
scenario where the GKM is very small, and the Z0
production is driven by the SM Higgs boson production
(considering scalar mixings) that decays to the Z0 pair [14].
The signature for an invisible Z0 that decays dominantly to
DM particles was proposed at the future muon collider in
γ þ ET final state utilizing the radiative return feature [26].
In this work, we focus on the 2HDM sector of the model
that can have interesting and hitherto unexplored signals
when the Z0 is a by-product of its decay.
The paper is organized as follows. In Sec. II, we briefly

describe the model and its particle spectrum. In Sec. III, we
discuss how the existing multilepton searches constrain our
parameter space. In Sec. IV, we present collider analysis in
4lþ X final state at LHC with 14 TeV center of mass
energy. Finally, we summarize and conclude in Sec. V.

II. THE MODEL

We consider a BSM model where the SM gauge
symmetry is extended with an additional Uð1ÞX gauge
symmetry. Apart from the SM particle content, the model
contains two SM singlet scalars ðS; S2Þ, three generations
of two chiral fermions ðNi

L; N
i
RÞ that are SM gauge singlets,

and an additional SM SUð2Þ doublet scalar (H2). The
charge assignment of these new particles along with the
SM-like scalar doubletH1 are presented in Table I. The SM
fermions do not transform under the new Abelian gauge
symmetry and are inert to the new Uð1Þ. The Lagrangian
containing all the BSM fields and H1 is given by

LBSMþH1
¼ Lvector þ Lfermion þ Lscalar: ð1Þ

The covariant derivatives for the fields H1; H2; S; S2, and
NL=R are defined as

DðH1Þ
μ ¼ ∂μ − ig2

σa

2
Wa

μ þ i
g1
2
Bμ;

DðH2Þ
μ ¼ ∂μ − ig2

σa

2
Wa

μ þ i
g1
2
Bμ þ igxCμ;

DðSÞ
μ ¼ ∂μ − 2igxCμ;

DðS2Þ
μ ¼ ∂μ þ igxCμ; D

ðNL=RÞ
μ ¼ ∂μ − igxCμ; ð2Þ

where Bμ, Wa
μ, and Cμ are the gauge fields of the

SUð2ÞL;Uð1ÞY , and Uð1ÞX gauge symmetry, respectively,
with their corresponding gauge couplings given by g1, g2,
and gx. The kinetic part of the gauge fields in this model is
given by

L ⊃ −
1

4
Ga;μνGa

μν −
1

4
Wb;μνWb

μν −
1

4
BμνBμν −

1

4
CμνCμν

þ 1

2
g̃BμνCμν; ð3Þ

whereGa
μν;Wb

μν; Bμν, andCμν are the field strength tensor of
SUð3ÞC; SUð2ÞL;Uð1ÞY , and Uð1ÞX gauge bosons, respec-
tively. The term 1

2
g̃BμνCμν in Eq. (3) represents the gauge

kinetic mixing between the Uð1ÞY and Uð1ÞX gauge fields.
After the spontaneous breaking of gauge symmetry, the
gauge boson corresponding to the broken generator of the
gauge group becomes massive by absorbing the Goldstone
mode of the scalar. The SUð2Þ × Uð1ÞY gauge symmetry is
broken to Uð1Þem when the scalars H1 and H2 obtain
vacuum expectation value (VEV), while the Uð1ÞX gauge
symmetry is broken when all BSM ðH2; S; S2Þ scalars
acquire their VEVs. The VEVs of the scalars H1, H2, S,
and S2 are denoted by v1, v2, vs, and vs2 , respectively. The
masses for the gauge bosons are derived from the kinetic
term of the scalars given by

L ⊃ ðDμH1Þ†DμH1 þ ðDμH2Þ†DμH2 þ ðDμSÞ†DμS

þ ðDμS2Þ†DμS2: ð4Þ

This model has three neutral gauge bosons. After diagonal-
izing their 3 × 3 mass matrix, we find one of them is
massless, which is the photon. The mass of the other two
physical neutral gauge bosons Z and Z0 is given by (see
Appendix C)

TABLE I. New fields and their charge assignments under the
SM gauge group and Uð1ÞX.
Fields SUð3ÞC × SUð2ÞL × Uð1ÞY × Uð1ÞX Spin

Ni
L (1, 1, 0, 1) 1=2

Ni
R (1, 1, 0, 1) 1=2

H1 ð1; 2;− 1
2
; 0Þ 0

H2 ð1; 2;− 1
2
;−1Þ 0

S (1, 1, 0, 2) 0
S2 ð1; 1; 0;−1Þ 0
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M2
Z;Z0 ¼ 1

8

h
g2zv2 þ g02x v2 þ 4gxg0xv22 þ 4g2xðv22 þ 4v2s þ v2s2Þ

i
∓ 1

8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðg02x v2 þ 4gxg0xv22 þ 4g2xðv22 þ 4v2s þ v2s2Þ − g2zv2Þ2 þ 4g2zðg0xv2 þ 2gxv22Þ2

q
; ð5Þ

where gz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g21 þ g22

p
and g0x ¼ g1g̃ffiffiffiffiffiffiffi

1−g̃2
p . The mixing angle θ0

between Z and Z0 is given by

tan 2θ0 ¼ 2gzðg0xv2 þ 2gxv22Þ
g02x v2 þ 4gxg0xv22 þ 4g2xðv22 þ 4v2s þ v2s2Þ − g2zv2

:

ð6Þ

The Z and Z0 bosons obtain longitudinal components by
absorbing one pseudoscalar each, whereas the W� bosons
absorb a charged scalar. This results in a physical scalar
spectrum comprising four CP-even neutral scalars, two
CP-odd neutral scalars, and a singly charged Higgs boson.
The mixing between the Z and Z0 bosons can alter the Z
boson mass and its couplings to SM fermions. Since
properties of the Z boson, such as its mass, decay width,
and branching fractions to SM modes, have been very
precisely measured at the Stanford Linear Collider and the
Large Electron-Positron collider, these measurements im-
pose stringent constraints on the Z − Z0 mixing angle θ0 to
be ≤10−3 [27]. In Fig. 1, we illustrate the dependence of θ0
on the mass of the Z0 boson (MZ0 ) and the redefined GKM
parameter g0x, where we have set tan β ¼ v2=v1 ¼ 10−4,
vs ¼ 10 GeV, vs2 ¼ 97.98 GeV, MZ0 ∈ ½50; 150� GeV,
and g0x ∈ ½10−6; 10−3� to generate the distribution. In the
right panel of Fig. 1, we plot θ0 for three values of
tan β ¼ 10−1; 10−2, and 10−3 with MZ0 ∈ ½95; 150� GeV
and g0x ¼ 10−4. It is clear from the figure that tan β ∼
Oð10−2Þ has an upper limit to satisfy the Z − Z0 mixing
angle constraint. As evident from the figure and the
expression for tan 2θ0, the mixing angle θ0 increases with

increasing tan β. Consequently, for a light Z0 boson, the
constraints require g0x ≲Oð10−4Þ and tan β has an upper
limit [≲Oð10−2Þ] to remain consistent with the θ0 limits.
The Lagrangian terms containing kinetic and interaction

of the BSM fermions are given by

Lfermion¼ iN̄Lγ
μDμNLþiN̄Rγ

μDμNR−YνlLH2NR

−YRSN̄RNC
R−YLSN̄LNC

L−M̂NN̄LNRþH:c: ð7Þ

After symmetry breaking, the SM neutrinos become
massive in this model via the inverse seesaw mechanism
[25]. The mass terms for the neutrinos are given by

Lmass
ν ¼ −

v2ffiffiffi
2

p Yνν̄LNR −
vsffiffiffi
2

p YRNC
RNR − M̂NNLNR

−
vsffiffiffi
2

p YLNC
LNL þ H:c:; ð8Þ

where mD¼v2Yν=
ffiffiffi
2

p
, mR¼

ffiffiffi
2

p
vsYR, and mL ¼ ffiffiffi

2
p

vsYL.
For mL;mR ≪ mD; M̂N, the neutrino masses can be
approximately written as

mνl ≃
m2

DmL

M̂2
N þm2

D

; ð9Þ

mνH;H0 ≃
1

2

�
M̂2

NmL

M̂2
N þm2

D

þmR

�
∓

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M̂2

N þm2
D

q
: ð10Þ

For simplicity, we choose YR ¼ 0. TheOð0.01Þ eV neutrino
mass can be achieved with the choice of parameters

FIG. 1. Variation of the Z − Z0 mixing angle θ0 onMZ0 and the gauge kinetic mixing parameter g0x (left). The value θ0 for three values of
tan β with MZ0 ∈ ½95; 150� (right).

LHC SIGNALS FOR A 2HDM WITH Z0 IN A … PHYS. REV. D 112, 095011 (2025)

095011-3



Yν ∼Oð0.1Þ, v2 ∼Oð1Þ, M̂N ∼ 1 TeV, and mL∼
Oð10−3Þ GeV [25].
The Yukawa terms in the Lagrangian that provide masses

and the mixing for the quarks and leptons are written as
follows:

L ⊃ −Yij
l lLiH

C
1eRj − Yij

d q̄LiH
C
1dRj − Yij

u l̄LiH1uRj þ H:c:

ð11Þ

To get the correct masses and the mixing for the charged
quarks and leptons as in the SM, their Yukawa couplings
with H1 need to be adjusted as v1 < v. This can be

achieved by considering Yf ¼ YSM
f

cos β, where YSM
f ¼

ffiffi
2

p
mf

v .
The expression for the coupling of the scalars with SM
fermions is listed in Table II.
The scalar potential of the model is given by

VðH1; H2; S; S2Þ ¼ μ1H
†
1H1 þ μ2H

†
2H2 þ μsS†Sþ μs2S2

†S2 þ λ1ðH†
1H1Þ2 þ λ2ðH†

2H2Þ2 þ λsðS†SÞ2 þ λs2ðS2†S2Þ2
þ λ12ðH†

1H1ÞðH†
2H2Þ þ λ1sðH†

1H1ÞðS†SÞ þ λ2sðH†
2H2ÞðS†SÞ þ λ1s2H

†
1H1S2†S2 þ λ2s2H

†
2H2S2†S2

þ λss2S
†SS2†S2 þ λ012

���H†
1H2

���2 − fμ12s2S2†H†
1H2 þ μs2sS

2
2S − λTS2SH

†
1H2 þ H:c:g: ð12Þ

The inclusion of the scalar S2 in the model is essential.
Without this field and, specifically, with its assigned Uð1ÞX
charge, a real pseudoscalar Goldstone boson would emerge
due to the presence of a global Uð1Þ symmetry in the scalar
potential where ϕ → ϕe−iθQ for ϕ∈ fH1; H2; Sg. When
these scalars acquire their vacuum expectation value, this
symmetry is spontaneously broken, resulting in a massless
pseudoscalar in the model. The scalar S2 breaks this global
symmetry explicitly given by the coefficient of the μ12s2
and λT terms, preventing the emergence of the massless
pseudoscalar.1 The VEVs can be obtained by minimizing
the potential, which gives rise to the following tadpole
equations:

μ1 þ λ1v21 þ
λ12 þ λ012

2
v22 þ

λ1sv2s þ λ1s2v
2
s2

2

þ v2vs2
2v1

�
λTvs −

ffiffiffi
2

p
μ12s2

�
¼ 0; ð13Þ

μ2 þ λ2v22 þ
λ12 þ λ012

2
v21 þ

λ2sv2s þ λ2s2v
2
s2

2

þ v1vs2
2v2

�
λTvs −

ffiffiffi
2

p
μ12s2

�
¼ 0; ð14Þ

μs þ λsv2s þ
λ1s
2
v21 þ

λ2s
2
v22 þ

λss2
2

v2s2

þ v1v2vs2
2vs

λT −
v2s2ffiffiffi
2

p
vs

μs2s ¼ 0; ð15Þ

μs2 þ λs2v
2
s2 þ

λ1s2
2

v21 þ
λ2s2
2

v22 þ
λss2
2

v2s

þ v1v2
2vs2

�
λTvs −

ffiffiffi
2

p
μ12s2

�
−

ffiffiffi
2

p
μs2svs ¼ 0: ð16Þ

The scalar fields can be expanded around the VEVs and
written in the following form:

H1 ¼
� v1þρ1þiη1ffiffi

2
p

ϕ−
1

�
; H2 ¼

� v2þρ2þiη2ffiffi
2

p

ϕ−
2

�
;

S ¼ vs þ ρs þ iηsffiffiffi
2

p ; S2 ¼
vs2 þ ρs2 þ iηs2ffiffiffi

2
p : ð17Þ

After the spontaneous breaking of the electroweak and
Uð1ÞX symmetry, the particle spectrum of the model
contains four CP-even, two CP-odd, and a pair of charged
scalars. Collecting the relevant quadratic terms and impos-
ing the tadpole equations, we can write down the mass
matrix corresponding to the charged scalars in ðϕ−

1ϕ
−
2 ÞT

basis as described in the following equation:

M2
� ¼

�
μ12

2v1v2
−
λ012
2

��
v22 −v1v2

−v1v2 v21

�
: ð18Þ

Here we define μ12 as vs2ð
ffiffiffi
2

p
μ12s2 − vsλTÞ. The charged

scalar mass matrix can be diagonalized by an orthogonal
transformation with an angle β ¼ arctanðv2v1Þ. One of the
charged scalars is a Goldstone boson that is eaten by theW

TABLE II. The coupling of the fermions with different scalars
of the model. Zh and ZA are the orthogonal matrices that
diagonalize the CP-even and CP-odd scalar mass matrices.

Couplings for hi − f − f̄ A − f − f̄ H� − f − f̄0

gf YSM
f

Zh
i1

cos β YSM
f

ZA
i1

cos β
YSM
f tan β

1Such a massless particle can be constrained by stellar cooling
[28],mesondecay [29], cosmology (bigbangnucleosynthesis,Neff )
[30–32], andHiggs decay [33,34].We find that the strongest limit on
the coupling of a massless particle to SM particles comes from the
stellar cooling bound, with a constraint of tan β ¼ Oð10−7Þ.
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boson, while the other one remains physical with mass
given by

MH∓ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�

μ12
2v1v2

−
λ012
2

�s
v; ð19Þ

where v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
≃ 246 GeV. The physical charged

scalar is denoted as H∓ ¼ − sin βϕ∓
1 þ cos βϕ∓

2 , which is
orthogonal to the charged Goldstone boson.
The mass matrix for the CP-odd scalars in the basis

ðη1; η2; ηs; ηs2Þ is given by

M2
A ¼

0
BBBBBBBBB@

v2
2v1

μ12 − 1
2
μ12

1
2
v2vs2λT

v2
2
μ̄12

− 1
2
μ12

v1
2v2

μ12 − 1
2
v1vs2λT − v1

2
μ̄12

1
2
v2vs2λT − 1

2
v1vs2λT μs2s

v2s2ffiffi
2

p
vs
− λT

v1v2vs2
2vs

− 1
2
v1v2λT þ ffiffiffi

2
p

μs2svs2
v2
2
μ̄12 − v1

2
μ̄12 − 1

2
v1v2λT þ ffiffiffi

2
p

μs2svs2
μ12s2v1v2ffiffi

2
p

vs2
− λT

v1v2vs
2vs2

þ 2
ffiffiffi
2

p
μs2svs

1
CCCCCCCCCA
; ð20Þ

where μ̄12 ¼ ð ffiffiffi
2

p
μ12s2 þ vsλTÞ. Diagonalizing the CP-odd

scalar mass matrix, we find two zero eigenvalues corre-
sponding to Goldstone bosons, which are absorbed by the
Z and Z0 bosons, rendering them massive.
The CP-odd scalar mass eigenstates can be written as

linear combinations of the interaction eigenstates as

Ai ¼ ZA
ijηj; ð21Þ

whereZA
ij represents themixingmatrix for theCP-odd states.

Similarly, we find the following mass matrix for CP-even
scalars using tadpole equations in the basis ðρ1; ρ2; ρs; ρs2Þ,

M2
H ¼

0
BBBBB@

m2
11 m2

12 m2
13 m2

14

m2
12 m2

22 m2
23 m2

24

m2
31 m2

23 m2
33 m2

34

m2
14 m2

24 m2
34 m2

44

1
CCCCCA; ð22Þ

where

m2
11 ¼ 2λ1v21 þ

v2
2v1

μ12; m2
22 ¼ 2λ2v22 þ

v1
2v2

μ12;

m2
33 ¼ 2λsv2s þ

1ffiffiffi
2

p μs2s
v2s2
vs

−
v1v2vs2λT

2vs
; m2

44 ¼ 2λs2v
2
s2 þ μ12s2

v2v1ffiffiffi
2

p
vs2

−
v1v2vsλT
2vs2

;

m2
14 ¼ λ1s2v1vs2 þ v2

�
1

2
vsλT −

1ffiffiffi
2

p μ12s2

�
; m2

13 ¼ λ1sv1vs þ
1

2
v2vs2λT;

m2
12 ¼ ðλ12 þ λ012Þv1v2 −

1

2
vs2ð

ffiffiffi
2

p
μ12s2 − vsλTÞ; m2

23 ¼ λ2sv2vs þ
1

2
v1vs2λT;

¼ ðλ12 þ λ012Þv1v2 þ ðM2
AÞ12; ¼ λ2sv2vs þ v1vs2λT þ ðM2

AÞ23;

m2
24 ¼ λ2s2v2vs2 þ v1

�
1

2
vsλT −

1ffiffiffi
2

p μ12s2

�
; m2

34 ¼
1

2
v1v2λT þ ðλss2vs −

ffiffiffi
2

p
μs2sÞvs2 ;

¼ λ2s2v2vs2 þ v1vsλT þ ðM2
AÞ24:

Diagonalizing the mass matrix, the mass eigenstates can
be written as linear combinations of the interaction eigen-
states as

hi ¼ Zh
ijρj; ð23Þ

whereZh
ij represents the diagonalizing orthogonal matrix for

theCP-even states.We denote these four mass eigenstates as

h1, h2, h3, andh4. Themass eigenstate h1 can be identified as
the observed SMHiggs. This can be achieved by considering
a small value for the tan β ¼ v2

v1
≤ Oð0.01Þ and scalar quartic

couplings of H1 with the other scalars. As a result, the h1
scalar dominantly comes from theH1 doublet. For the higher
tan β value, to obtain the SM like Higgs we only keep
the mixing of ρ1 with ρ2 and work in the alignment limit.
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The alignment limit condition for h1 to be the SM is chosen
by keeping the mixing angle between ρ1 and ρ2 equal to β.
The mixing of ρ1 and ρ2 with ρ3 can be made small by
choosing minimal values for λT, λ1s, and λ2s. Similarly, the
cross term between ρ1 and ρ2 with ρ4 can also be made
negligible by choosing appropriate values of λ1s2 and λ2s2 to
cancel the termcontainingμ12s2 terms, respectively.With this
choice of parameters, the SM Higgs scalar mass and
couplings are obtained accordingly.
In the left plot of Fig. 2, we show the mass difference

between the pseudoscalar A2 and the CP-even scalar h2.
The plot is generated by making the mass mixing elements
of ρs, ρs2 with ρ1, ρ2 to be vanishing small by choosing an
appropriate relation between the parameters as discussed
above. In this scan, we have varied tan β∈ ½10−3; 1.0� and
Mh2 ∈ ½200; 400� GeV and the parameters λ1, λ2, and μ12s2
are determined by the Mh1 , Mh2 , and mixing angle β. In
addition, we have fixed vs ¼ 10 and vs2 ¼ 229 GeV,
respectively. The motivation for choosing such a hierar-
chical VEV for the singlet scalars is to ensure that all the
singlet scalars are heavier than the doublet scalars. This can
be understood from the explicit form of m2

33 and m
2
44. From

the plot, one can see that for larger values of tan β a
significant mass difference between the A2 and h2 can be
possible. The mass difference is controlled primarily by the
λ2 parameter. Here we have fixed λ012 to be small so that the
H� mass will be nearly equal to the h2 mass. For this plot,
the SM Higgs properties are ensured by working in the
alignment limit. In the general 2HDM, when working in the
alignment limit we find that the cubic coupling between the
second CP-even Higgs and the two gauge bosons
ðh2WþW−; h2ZZÞ does not exist. However, in the present
scenario, as the H2 is charged under the Uð1ÞX gauge
symmetry, h2ZZ coupling can be induced due to the
presence of Z − Z0 mixing. As the θ0 increases with an
increase in tan β, for a large value of tan β the h2ZZ
coupling increases. Therefore, existing searches on BSM

scalars restrict our parameter space, which we have shown
by the solid black line in the plot. We find that search
channels such as pp → h2 → 4l; 2l2q; 2lET [17] and
gg → A2 → Zh1 → 2l2b [19] constrain our parameters;
these search channels are incorporated in the public
package HiggBounds [35]. Thus, the hatched region is
disallowed by the existing searches on the BSM scalars.
The large mixing angle θ0 can also alter the h1ZZ
coupling, which can get constraints from the Higgs signal.
We find that this constraint is less stringent than the
HiggBounds constraint. Because of mixing between Z and
Z0, the mass of the Z boson deviates from its precisely
measured SM value, MZ ¼ 91.1876� 0.0021 GeV [27].
The red dashed line represents the constraint on tan β
imposed by the measurement of the mass of the Z boson.
As the mixing angle θ0 increases with an increase in tan β,
the region above the red dashed line is excluded because
the Z boson mass drops below its observed lower limit.
The most stringent limit on the parameter space comes
from the Z − Z0 mixing angle θ0. In the plot, the blue
dashed lines imply θ0 ¼ 10−3 for two values of gx ¼ 0.5
and 1.0. Therefore, the θ0 constraint rules out the region
above the blue lines. All the scanned points are with
gx ¼ 0.5; for gx ¼ 1.0 we showed the value of tan β at
which θ0 reaches 10−3 rad. Therefore, to satisfy the θ0

constraint, tan β ≲ 10−2 is required.
For tan β ≪ 1, the diagonal element in the second row of

the mass matrices of the CP-even and CP-odd scalars is
much larger than the off-diagonal entries. Therefore, the
second eigenvalue of these mass matrices will be nearly
equal to the (2,2) elements of these matrices. Comparing
the second row for the mass matrices of CP-even and CP-
odd scalars, we find that the (2,2) elements of these
matrices are nearly equal for tan β ≪ 1, and therefore h2
and A2 will be nearly degenerate in mass. In the limit
λT → 0, v2 ≪ v, and vs ≪ vs2 , the masses of the two
physical CP-odd scalars become

FIG. 2. The mass difference between the pseudoscalar A2 and the CP-even scalar h2 as a function of tan β and Mh2 (left). The mass
difference between the charged Higgs boson H� and the CP-even Higgs boson h2 as a function of λ012 and MH� (right).
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M2
A2

≃
μ12s2vs2v

2ffiffiffi
2

p
v1v2

�
1þ v21v

2
2

v2s2v
2

�
;

M2
As
≃

μs2sffiffiffi
2

p
vs

ð4v2s þ v2s2Þ: ð24Þ

The scalar A2 predominantly comes from the CP-odd
part of the second Higgs doublet, while the As mainly
comprises the CP-odd part of the singlet scalars. In this
limit, h2 is predominantly from the H2 doublet with mass
mh2 ≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ12 cot β

p
, while the other two mass eigenstates h3

and h4 are linear combinations of the two singlet scalars S
and S2.
In the right plot of Fig. 2, we show the mass difference

between the charged Higgs boson H� and the CP-even
Higgs boson h2 as a function of λ012 and MH� . Note that
λ12 ≥ −2

ffiffiffiffiffiffiffiffiffi
λ1λ2

p
and λ012 þ λ12 ≥ −2

ffiffiffiffiffiffiffiffiffi
λ1λ2

p
to satisfy the

stability of the scalar potential [36]. By choosing a suitable
value of λ012, the charged Higgs can be made heavier or
lighter than h2 and A2. In this scan, we have considered
tan β ¼ 10−2 with vs ¼ 10 and vs2 ¼ 229 GeV. For the
given value of tan β, the mass difference between h2 and A2

as seen from the left plot is small. The scanned points with
tan β ¼ 10−2 are allowed by the HiggBounds, HiggSignals

[35,37], and Z − Z0 mixing angle constraints. We find that
the electroweak precision observable T parameter restricts
our parameter space when the mass difference between
MH� with Mh2 , and MA2

is ≈90 GeV. The measured
value of the T parameter is T ¼ 0.09� 0.14 [38] and
the T-parameter constraint rules out the blue-shaded region.

III. BSM SCALAR SEARCHES

In this work, we study the signals from the BSM scalars
h2, A2, and H� that couple very weakly with the SM
fermions when the Z0 is light. As the coupling strength
depends on tan β, the upper bound of 10−2 does not allow
any SM fermion to have large couplings with the 2HDM
scalars. Hence, their direct production in association with
the heavy quark flavors (tt̄h2; tbH−) is negligibly small, so
the constraints from the existing scalar searches at LHC
will not be applicable in this scenario. However, these
scalars can be produced in pairs at LHC, mediated by the
SM gauge bosons. When these scalars are produced at
LHC, they can decay into SM particles and, more interest-
ingly, into BSM modes too. This work focuses on the
scalars decaying into the mode containing the Z0. The
relevant couplings of these scalars with gauge bosons have
been listed in Table III.
Now we focus on various decay channels of the BSM

scalars H�, A2, and h2. The expressions for the decay
widths of these scalars to various channels are given in
Appendix B. In Fig. 3, we show the branching ratio (BR) of
BSM scalars to SM modes and the modes containing
at least one Z0 for two values of the gauge coupling

gx ¼ 0.575 and gx ¼ 0.2withMZ0 ¼ 115 GeV.We assume
the BSM neutrinos to be heavier than the scalars H�, A2,
and h2; therefore, they are not kinematically accessible as
decay modes. The left plot in the top panel of Fig. 3 shows
that Hþ decays to the WþZ0 with around 10% probability
for gx ¼ 0.2. Its BR to this mode increases with gx, as the
interaction strength is proportional to gx. The mixing with
the SM scalar drives the SM decay modes and it mostly
decays to tb̄ in the SM modes. The small dip in the BR of
Hþ → WþZ0 at MH� ≈ 205 GeV is due to the opening of
the h1Wþ decay mode. Note that the BSM mode will
increase for lighter Z0 mass for a fixed value of gx. From the
top right plot of Fig. 3, we find that the pseudoscalar A2

completely decays to the SM mode, which is represented
by the sum of bb̄, gg, and h1Z modes when the h1Z0 is
kinematically disallowed. As the h1Z0 decay mode
becomes accessible to the A2, this mode takes over and
remains dominant until the tt̄ channel opens up at
MA2

> 350 GeV. In the bottom plot of Fig. 3, we have
shown the corresponding decay channels of the CP-even
scalar h2. The h2 decay to SMmodes comes mostly from its
decay to WþW− and ZZ when the ZZ0 and the Z0Z0 modes
are not kinematically open. As these modes open up, they
begin dominating the decay probabilities of h2, and the SM
decay modes are suppressed. The slight rise seen in the BR
of the SM mode at Mh2 ≈ 250 and Mh2 ≈ 350 GeV is due
to the opening of additional decay modes (h1h1 and tt̄)
which becomes kinematically allowed. Note that the decay
mode of these BSM scalars containing at least a Z0 increase
with gx as these scalars carry Uð1ÞX charge.
The processes shown in Table VI are the relevant

channels for producing the BSM scalars at the LHC.
After all the decay cascades of the unstable particles
culminate in stable states, we will be left with jets, leptons,
and photons in the final state. The coupling of the Z0 with
SM fermions and the formulas for its decay branching
fraction to SM fermion modes are in Appendixes A and B,
respectively. The decay branching fraction of the new
gauge boson Z0 to SM modes is shown in Table IV for
MZ0 ¼ 115 GeV with g0x ¼ 10−4 and tan β ¼ 10−4. As at
LHC, many searches for the BSM signal have been

TABLE III. The coupling of the scalars H�, h2, and A2 with
gauge bosons.

Vertices Couplings

H�W∓
μ Z0

ν −ig2gxv2 cos βgμν
h2Z0

μZ0
ν 2i½ð4vsZh

23 þ vs2Z
h
24Þg2x þ v2g2xZ

h2
22�gμν

h2ZμZ0
ν −iv2Zh

22½gxg1 sin θW þ g2gx cos θW �gμν
H�A2W

∓
μ

g2
2
½cos βZA

22 − sin βZA
21�ðpA2

− pH�Þμ
H�h2W

∓
μ

ig2
2
½cos βZh

22 − sin βZh
21�ðph2 − pH�Þμ

A2h1Z0
μ ½gxð2ZA

23Z
h
13 − ZA

24Z
h
14Þ − gxZA

22Z
h
12�ðpA2

− ph1Þμ
A2h2Zμ

1
2
ðg1 sinθW þg2 cosθWÞ½ZA

21Z
h
21þZA

22Z
h
22�ðpA2

−ph1Þμ
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performed with various final states containing the stable
SM particles; therefore; it is necessary to check whether our
parameter space is constrained from these searches.
We find that the most stringent limits on our parameter

space come from the 4l searches carried by the ATLAS
Collaboration [23] at the LHC with 13 TeV center of
mass energy. This search measures the differential distri-
bution of the SM 4l background for various observables
with additional particles allowed to be present in the event.
The selection criteria for the leptons are pTeðμÞ > 7ð5Þ,
pTl1

> 20, pTl2
> 10, and Ml−l− > 5 GeV, and jηj < 2.4,

ΔRll > 0.05, ΔRlγ > 0.1, and ΔRjl > 0.3. This analysis
has been included in the public package Rivet-3.1.4 [39],
which we have used to compare our results with the
experimental findings. This package provides YODA [40]

files, which are then taken as input for the package
Contur [41] to yield constraints on our parameter space.
To extract the bounds on our parameter space, we evaluate
the cross section of the processes shown in Table VI atffiffiffi
s

p ¼ 13 TeV at the LHC, which is plotted in Fig. 4.

FIG. 3. Branching ratio of BSM scalars to different decay modes. The dashed and dotted lines correspond to gx ¼ 0.575 and gx ¼ 0.2,
respectively, with MZ0 ¼ 115 GeV.

TABLE IV. BR of the Z0 to different decay modes for two
values with g0x ¼ 10−4, tan β ¼ 10−4, and MZ0 ¼ 115 GeV. The
l corresponds to the electron and muon.

BRZ0
dd̄

BRZ0
uū

BRZ0
νlν

0
l

BRZ0
lþl−

BRZ0
τþτ−

0.350 0.232 0.210 0.138 0.069

FIG. 4. The cross section of the processes pp → ϕ1ϕ2

at
ffiffiffi
s

p ¼ 13 TeV, where ϕ1;ϕ2 ∈ fA2; h2; H�g. The scalar
masses ðA2; h2; H�Þ are considered in the range MScalar ∈
½200; 350� GeV.
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We find that the invariantmass of the opposite-sign-same-
flavor (OSSF) leptons constrain our parameter space most.
The exclusion limits on the parameter space obtained from
the package Contur have been plotted in Fig. 5 for two values
of the gauge coupling gx ¼ 0.575 (left plot) and 0.2 (right
plot) withMZ0 ¼ 115 GeV. From the left plot of the figure,
we find that,when theBRofA2 andh2 decay via theZ0mode
are small, the exclusion from the ATLAS 4lþ X search is
veryweak.When all the scalar productionmodes containing
Z0 decays open up, a much more stringent bound appears at
MScalar ≈ 240 GeV.We find that, for heavier scalarmass, the
cross section for all the relevant processes starts falling, and
therefore, the bound from the 4lþ X search also becomes
weaker. The subprocess that contributes the most to the
exclusion plot is the pp → h2H�, although it has an almost
equal cross section as the pp → A2H� process. This
happens because one can get a maximum of three Z0 bosons
from h2H� production and the subsequent decay of the
scalars. Therefore, it has the largest effective 4lþ X cross
section. Similarly, the process pp → A2h2 that occurs via
the Z boson mediation is found to have the smallest cross
section among the four processes listed in Table VI.
However, the pseudoscalar A2 decays to h1Z0 with very
large BR (Fig. 3), and therefore, it gives the second largest
contribution to the 4lþ X final state, as can be seen from
Fig. 5. In the remaining two processes, thepp → H−Hþ has
a lower production cross section and contributes least to the
four lepton signals. The constraints can be evaded by
varying the new gauge coupling gx as it controls the decay

BR of the scalars into modes containing Z0. This effect can
be seen from the right plot of Fig. 5 with gx ¼ 0.2. For Z0
lighter than the Z boson, the BR of the scalar decay modes
containing Z0 is larger than that of the heavier Z0 case for a
given value gx due to the phase space enhancement.
Therefore, the ATLAS 4lþ X search can help put stringent
constraints on light Z0 scenarios that appear as decay
products of BSM scalars produced at the LHC. Similarly,
this signal also forms a useful channel for looking at a
scenario such as ours in themultilepton final states.We have
also used the public package CheckMATE [42] to find
constraints on our model. We considered all the search
channels encoded in this package and we find that only the
multilepton channels with missing transverse energy,
derived in the context of electroweakino (charginos and
neutralinos) searches in supersymmetry, appear to constrain
our parameter space [24] mildly. However, these constraints
are much weaker than those in Fig. 5.
We briefly comment on other possibilities for the scalar

search in the model at the LHC. In the scenario where the
heavy neutrinos are lighter than A2, h2, and H�, these
scalars can decay to the heavy neutrinos and the SM lepton
via the Yν coupling. These decay modes are dominant when
Yν is of the same order as the couplings listed in Table III,
which govern the decay of the scalar to the mode contain-
ing Z0. Note that in this model the mixing angle between the

FIG. 5. Exclusion plot from the ATLAS 4lþ X searches for MZ0 ¼ 115 GeV with gx ¼ 0.575 (left) and gx ¼ 0.2 (right). The scalar
masses ðA2; h2; H�Þ are considered in the rangeMScalar ∈ ½200; 350� GeV. The black dot-dashed line corresponds to the exclusion limit
at 90% confidence level (CL).

TABLE V. BR of the heavy neutrinos to different decay modes
for two values of gx. The decay width of process νH → νlZ0
increases with increase in gauge coupling gx.

gx BRνH
l�W∓ BRνH

νlZ
BRνH

νlZ0 BRνH
νlh1

0.575 0.535 0.230 0.181 0.054
0.2 0.636 0.274 0.026 0.064

TABLE VI. The production and decay modes for different
BSM scalars that primarily belong to the H2 doublet field, at the
LHC. For their subsequent decay, we consider those modes that
can give rise to 4lþ X final states with appreciable branching
ratio.

Process Mediator Decay

pp→HþH− γ=Z H� → W�Z0

pp → H�h2 W� H� → W�Z0, h2 → Z0Z0=ZZ0=ZZ=WW
pp → H�A2 W� H� → W�Z0, A2 → Z0h1=Zh1
pp → h2A2 Z h2→Z0Z0=ZZ0=ZZ=WW, A2→Z0h1=Zh1
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light and heavy neutrinos jVlN j2 ∼ ðmD

M̂N
Þ2 must be <10−5

for Oð100Þ GeV heavy neutrino mass [43]. For
Oð100Þ GeV heavy neutrino mass, we find that Yν ∼
Oð0.1Þ is allowed from this constraint with v2 ≃ 2 GeV.
The correct light neutrino masses for these points are
obtained by choosing appropriate YL. The scalars of mass
≥200 GeV with Yν ∼Oð0.1Þ decay to a heavy neutrino of
mass 150 GeVand a SM lepton with ∼0.98, thus rendering
the decay of these scalars to the modes containing Z0 to
negligibly smaller BR of ∼1% with gx ¼ 0.575. The heavy
neutrinos decay to SM leptons associated with W, Z, Z0,
and h1. The branching fraction of heavy neutrinos to their
various decay modes is shown in Table V for two values of
gx ¼ 0.575 and gx ¼ 0.2. The decay width of the process
νH → νlZ0 is directly proportional to g2x; therefore, the BR
of heavy neutrinos to this mode increases with increase in
gx. When the scalars A2, h2, and H� decay to SM leptons
and heavy neutrinos followed by the decay of heavy
neutrinos, the stated modes can give rise to multilepton
final states. The multilepton final state in the context of a
neutrinophilic Higgs doublet model has been studied before
by one of the authors [44], and so we do not consider
analyzing this interesting channel in the present work.
However, it is worth pointing out that, in this model, we do
find that, when these scalars decay dominantly to the heavy
neutrinos and SM lepton, it is severely constrained by the
ATLAS multilepton search where the invariant mass of the
four leptons constrains the parameter space with the lighter
heavy neutrino states more stringently.
Another interesting feature of this model is that the Z0

can decay to SM leptons at one-loop level with the heavy
neutrinos and A2, h2, andH� running in the loop [14]. This
mode becomes relevant when the GKM parameter is
vanishingly small ð∼10−5Þ and the contribution solely
comes from the one-loop decay, as this can exceed the
tree-level total decay width. Therefore, the Z0 decays only
to the charged leptons and light neutrinos and becomes
completely leptophilic. One-loop decay width of Z0 for this
process depends on the Yukawa coupling Yν, gx, and the
masses of the particles running in the loop. We find that,
when the loop decay is dominant, the Z0 can decay to
charged leptons and the neutral lepton with equal proba-
bility. Each heavy neutrino couples with different flavors of
the SM leptons, therefore, Z0 can decay to flavor violating
modes, e.g., e�μ∓, e�τ∓, etc. This flavor violating decay
mode of Z0 can be up to 25%, which can be obtained by

suitably choosing Yν. Because of this large BR of Z0 to
charged lepton, the constraint from the above-mentioned
multilepton searches becomes more stringent. However,
with such a large BR to charged lepton modes heavier BSM
scalar can be probed. Additionally, the invariant mass peak
in the opposite-sign-different-flavor pair of leptons due to
the presence of the Z0 will provide an extra variable to
distinguish the signal from the SM background. The current
mass range that we consider for the scalars and Z0 in this
work is found to be ruled out by the ATLAS multilepton
analysis unless the gx is chosen to be small.

IV. COLLIDER ANALYSIS

We now evaluate the search prospect of the BSM scalars
at the LHC arising from the H2 doublet. In the limit
tan β ≃ 10−4, the dominant production mode of these
scalars is presented in Table VI. After production, these
BSM scalars can further decay into gauge bosons. To
calculate the production cross section for the signal at the
14 TeV run of LHC, we have considered all four production
modes that are mentioned in Table VI. Note that the
enhancement in the production rates of the different modes
ranges from 15%–20% compared to the rates at

ffiffiffi
s

p ¼
13 TeVof the LHC shown in Fig. 4. For all benchmark point
(BPs), the CP-even scalar h2 dominantly decays either via
ZZ0 or Z0Z0 modes and the CP-odd scalar A2 decays into
Z0h1 mode. In contrast to that, theH� branching ratio to the
WZ0 mode can vary depending upon the BP choice. In
Table VII, we show the branching ratio of these decay
channels for different benchmark scenarios. All the other
scalar sector parameters are described in Table VIII. The
gauge bosons that arise from the heavy scalar decays can
give rise to different multilepton final states. For the present
study, we only consider themore sensitive 4lþ X final state
and investigate the discovery prospect of this channel in
terms of the BSM scalar searches.
To generate the signal events, we have implemented the

BSM model in the SARAH [45] package to obtain the
universal FeynRules file [46]. The particle masses and decay
width are generated using the package SPheno [47]. The
dominating SM background corresponding to this final
state comes from the following subprocesses2:

TABLE VII. Masses, total cross section of pp →
P

ϕ1ϕ2, where ϕ1;ϕ2 ∈ fA; h; H�g, BR of the scalars to relevant channels for
three BPs, and CL exclusion limit from the ATLAS 4lþ X search. The mass of the Z0 is fixed to MZ0 ¼ 115 GeV for all BPs.

σPϕ1ϕ2
(fb) Mϕ1;2

(GeV) gx BRH�
W�Z0 BRh2

Z0Z0 BRh2
ZZ0 BRh2

ZZ BRh2
WþW− BRA2

h1Z0 BRA2

h1Z
CL ð%Þ

BP1 20.67 300 0.3 0.197 0.109 0.513 0.034 0.076 0.880 0.100 72.4
BP2 10.98 350 0.4 0.354 0.318 0.564 0.010 0.021 0.957 0.027 68.2
BP3 6.23 400 0.5 0.520 0.609 0.274 0.002 0.003 0.461 0.005 51.9

2The background process pp → 4lþ jets consists of three
subprocesses pp → 4l, pp → 4lþ 1j, and pp → 4lþ 2j,
where pp → 4l is the most dominant background.
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pp → 4lþ jets; pp → VVV;

pp → tt̄V=tt̄h; pp → WZ=Vh;

where V ¼ W∓; Z. Both the signal and background events
are generated using the MadGraph (v2.6.7) [48] at the parton

level while fixing the center of mass energy to 14 TeV.
These parton level events were then passed to Pythia8 [49]
for the showering and hadronization. The detector effects
were incorporated using the Delphes-3 [50] simulator. Finally,
the signal and background events were analyzed using the
MadAnalysis5 package [51].

TABLE VIII. Other relevant parameters of the model that we have fixed throughout the analysis.

λ1 λ2 λ3 λ4 λ1s λ2s λs λs2 λss2 μss2 (GeV) vs (GeV) tan β g0x

0.129 1.0 0.005 0.005 10−4 10−4 1.0 3.0 1.0 150.0 10.0 10−4 10−4

FIG. 6. Normalized distribution of the kinematic variables for 4lþ X final state at the 14 TeV LHC.
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We begin our analysis by demanding at least four charged
leptonsNl ≥ 4 in the final state.We ensure the isolation of all
reconstructed objects by fixing ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δϕ2 þ Δη2

p
≥ 0.4

between any pair of particles, where Δϕ and Δη are their
separations in the azimuthal angle and rapidity parameters,
respectively. In addition,we have implemented the following
basic acceptance cuts:

(i) The charged leptons must satisfy the transverse
momentum pl

T > 10 GeV and rapidity jηlj ≤ 2.5
cuts. In addition, the invariant mass corresponding to
the OSSF lepton pairs must satisfyMlþl− > 5 GeV.

(ii) We also demand a veto on any b jets with pb
T >

30 GeV and jηbj < 2.5. This will help us reject a
large portion of the tt̄V; tt̄h; Vh background, as all
these processes give rise to multiple b quarks in the
final state. However, a part of the BSM signal events
from A2 production gets affected due to this cut as
the CP-odd scalar dominantly decays via A2 → Z0h1
with h1 decaying to bb̄.

For this study, we fix the light gauge boson mass at
MZ0 ¼ 115 GeV. Our goal here is to find suitable kinematic
variables that can help us enhance the signal vs background
ratio. In Fig. 6, we present the normalized distribution of
these variables. In the top row of Fig. 6, we illustrate the
invariant mass distribution of eþe− and μþμ− pair for the
signal andSMbackground. In the signal distribution,most of
the OSSF lepton pairs come from the Z0 decay. As a result,
one can see a sharp peak of around 115 GeV for all the BPs.
However, the neutral scalar h2 can decay via h2 → ZZ0
modes and, as a consequence, a part of the signal events peak
around the Z boson mass. In the case of SM, a dominant part
of the OSSF lepton pairs are from the Z decay. Therefore, a
cut to remove theZ peak in both eþe− and μþμ− distributions
would help us reduce a good fraction of theSMbackgrounds,
specifically for the case of 4lþ jets.
Apart from the four leptons, the final state of the signal

can also contain additional jets or missing energy as
opposed to the pure 4l backgrounds. This motivates us
to demand a missing transverse energy (ET) cut for the

signal while we inclusively keep all jets (including even
hard jets with a minimum pT > 30 GeV) in our signal
events. To reduce the pure continuum 4lSM background
we impose that the signal events must have a minimum
ET > 30 GeV. This helps us reject more than 90% of the
dominant SM background in the 4lþ jets. Our next goal is
to find a suitable kinematic variable that further improves
the signal efficiency against the SM background. In the
bottom row of Fig. 6, we present the transverse momentum
distribution of the leading [pTðl1Þ] and subleading charged
lepton [pTðl2Þ], respectively. As pointed out earlier, most
of the charged leptons originate from the decay of the Z0
boson for the signal events, which is produced as a decay
product of the heavy scalars. As a result, these leptons
would be moderately boosted for all three benchmark
scenarios. On the other hand, for the SM background,
the charged leptons are produced due to the decay ofW and
Z bosons, and the corresponding distribution peaks
around pTðl1=l2Þ ∼ MW=Z

2
. By imposing pTðl1Þ > 90

and pTðl2Þ > 60 GeV cuts, we manage to reduce the
SM background significantly while keeping the majority
of the signal events. Finally, we have imposed
M4l > 200 GeV, which essentially captures the energy
scale for the processes contributing to the signal events. As
the effective scale of the BSM signal involves the pro-
duction of heavier particles than the SM, a strong cut helps
us improve the signal vs background ratio further.
We present the result of our analysis along with the

respective cuts in Table IX for an integrated luminosity
L ¼ 3000 fb−1. The signal significance S is calculated
using the formula

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

�
ðsþ bÞ log

�
sþ b
b

− s

�	s
; ð25Þ

where s and b denote the signal and background events,
respectively. The significance corresponding to each of the
benchmark scenarios is mentioned in the last row of

TABLE IX. The cut-flow information on the pp → 4lþ X process for both the signal and background along with the significances
for BP1, BP2, BP3 at the 14 TeV LHC for 3000 fb−1 integrated luminosity.

L ¼ 3000 fb−1 SM background Signal

Cuts 4lþ jets VVV tt̄V W�Z Vh tt̄h BP1 BP2 BP3

Nl ≥ 4, Mlþl− > 5 GeV, Nb ¼ 0 44820.0 776.4 443.4 307.2 398.88 35.1 92.37 104.7 74.46
Mlþl− < 80 or Mlþl− > 100 GeV 3864.9 9.6 21.24 82.59 22.71 19.32 38.7 56.67 48.3
Nj > 0 1399.2 6.45 20.31 49.56 7.32 17.07 35.34 51.57 43.5
ET > 30 GeV 102.72 4.83 18.42 39.63 5.1 15.57 29.34 40.11 35.4
pTl1

> 90 GeV 35.76 3.21 10.89 13.2 1.5 7.98 27.0 38.46 34.59

pTl2
> 60 GeV 22.41 1.62 6.6 9.9 0.78 5.4 24.99 36.9 33.27

M4l > 200 GeV 19.38 1.62 6.6 3.3 0.66 5.13 24.18 36.33 33.27

Total events after cuts 36.6 24.18 36.33 33.27
Significance (S) 3.64 5.28 4.88
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Table IX. One can notice that the signal process corre-
sponding to BP2 shows maximum discovery potential as
compared to BP1 and BP3. For BP3, the scalar production
cross section is the lowest but it still gives significance of
around 5σ because of the larger branching probability to the
Z0, as the BP has the maximum value of gx. On the other
hand, for BP1, the BSM scalar production is the maximum
but it yields a smaller branching probability to Z0 since
gx ¼ 0.3 is the lowest value in all BPs. Note that a larger gx
for BP1 would give a greater significance but also take it
closer to exclusion from the existing ATLAS analysis
discussed in the previous section. We thus find that the
inclusive multilepton signal for scalars in a 2HDM gains if
a light Z0 that is very weakly coupled to the SM sector can
contribute to its decay modes. The reach for the scalars
would improve significantly and scalars with masses above
350 GeV will be discoverable at the very high luminosity
option of the LHC.

V. SUMMARY AND CONCLUSION

The 2HDMscalar sector is awidely studiedBSMscenario
with interesting phenomenological signals. The minimal
models of 2HDMwhere the SM is only extended by another
Higgs doublet have very limited channels of discovery at the
LHC. In this work, we consider a 2HDM in a model with
Uð1Þ gauge extension of the SM that is responsible for light
neutrino masses and a possible DM candidate. The scalar
sector of the model has a doublet scalar and two SM singlet
scalars that are charged under the new gauge symmetry.
All the SM fields are neutral under this additional Uð1ÞX
symmetry. These new scalars break the new gauge symmetry
spontaneously, resulting in a massive gauge boson Z0 in the
particle spectrum. Additional SM singlet fermions in the
model are responsible for the SM neutrinos becoming
massive via the popular inverse seesaw mechanism. The
Z0 can interact with the SM fields via the GKM and the
Z − Z0 mixing angle θ0 that is restricted to values ≤10−3 for
lightZ0withmass≤150 GeV,making its direct production at
colliders very difficult.
We revisit the signals for the scalars of the 2HDM in this

model where a new channel opens up into the light Z0.
We consider its production at LHC from the decay of
the scalars from the second doublet as they are charged
under the Uð1ÞX symmetry. These scalars, produced at
the LHC, decay into boson pairs via channels such as

ðH� →W�Z0; h2 → VV; ðV ¼W�; Z;Z0Þ;A2 → h1Z0ðZÞÞ.
The subsequent decay of the unstable particles can produce
multilepton final states that would extend the reach of the
scalars beyond current bounds. We choose the most
sensitive of all the final states, i.e., the 4lþ X signal,
and analyze the discovery prospects at the LHC. We find
that the multilepton searches by the CMS and ATLAS
Collaborations constrain our parameter space. We evaluate
the bounds on our model parameter space using the ATLAS
search of four lepton final states using RIVET. We then
consider some benchmark points with MZ0 ¼ 115 GeV for
different values of the scalar masses and perform a cut-
based analysis to show the signal sensitivity for the 2HDM
scalars in the 4lþ X channel. We find that the presence of
a light Z0 allowed by current experimental bounds improves
the signal sensitivity and has discovery potential for scalars
with mass greater than 350 GeV with 3 ab−1 integrated
luminosity. This reach is dependent on the Uð1ÞX gauge
coupling (gx), which controls the decay probability of the
scalars into the Z0. A large value of this coupling will
improve the reach further as the decay branching proba-
bility of the scalars to the Z0 increases with gx.
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APPENDIX A: FEYNMAN RULES

We describe below the Z0 couplings with SM fermions.
Let sW ≡ sin θW and cW ≡ cos θW , where θW refers to the
Weinberg angle. Similarly, we define sθ0 ≡ sin θ0 and
cθ0 ≡ cos θ0, with θ0 being the mixing angle between the
Z and Z0 bosons. The isospin is represented by T3, and the
electric charge of the fermions is denoted by Qf. The
projection operators are expressed as PL=R ¼ 1∓γ5

2
,
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APPENDIX B: DECAY WIDTH

ΓZ0→ff̄ ¼
MZ0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
f

M2

Z0

r
12π

 
v2f

 
1þ 2m2

f

M2
Z0

!
þ a2f

 
1 −

4m2
f

M2
Z0

!!
;

ΓHþ→tb̄ ¼
3y2t tan2 β
16πmHþ

ðm2
Hþ −m2

t −m2
bÞ
 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − 2
m2

b þm2
t

m2
Hþ

þ ðm2
t −m2

bÞ2
m4

Hþ

s !
;

ΓHþ→WþZ0 ¼ ðgxv2g2Þ2
16πmHþ

 
2þ ðm2

Hþ −m2
W −m2

Z0 Þ2
4m2

Z0m2
W

! ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2

m2
W þm2

Z0

m2
Hþ

þ ðm2
W −m2

Z0 Þ2
m4

Hþ

s !
;

Γh2→Z0Z0 ¼ ðgh2Z0Z0 Þ2
32πmh2

 
2þ ðm2

h2
− 2m2

Z0 Þ2
4m4

Z0

! ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
Z0

m2
Hþ

s !
;

Γh2→ZZ0 ¼ ðgh2ZZ0 Þ2
16πmh2

 
2þ ðm2

h2
−m2

Z −m2
Z0 Þ2

4m2
Z0m2

Z

! ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2

m2
Z þm2

Z0

m2
h2

þ ðm2
Z −m2

Z0 Þ2
m4

h2

s !
;

ΓA2→h1Z0 ¼ ðgA2h1Z0 Þ2m3
A2

16πm2
Z0

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2

m2
h1
þm2

Z0

m2
A2

þ ðm2
Z0 −m2

h1
Þ2

m4
A2

s !3

:

The expressions for the couplings gh2Z0Z0 , gh2ZZ0 . and gA2h1Z0 can be found in Table III.

APPENDIX C: GAUGE KINETIC MIXING AND Z0 MASS

The kinetic part of the gauge fields in this model is given by

L ⊃ −
1

4
Ga;μνGa

μν −
1

4
Wb;μνWb

μν −
1

4
BμνBμν −

1

4
CμνCμν þ

1

2
g̃BμνCμν: ðC1Þ

The kinetic term becomes diagonal with the correct coefficient by applying the following field redefinitions:

Bμ ¼ B0μ þ g̃ffiffiffiffiffiffiffiffiffiffiffiffi
1 − g̃2

p C0μ; ðC2Þ

Cμ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffi
1 − g̃2

p C0μ: ðC3Þ

After obtaining the canonical form of the gauge boson kinetic term using the above field redefinitions, we can now extract
the gauge boson mass terms from the kinetic terms of the scalar,

Lm;gauge ¼ ðDμhH1iÞ†DμhH1i þ ðDμhH2iÞ†DμhH2i þ ðDμhSiÞ†DμhSi þ ðDμhS2iÞ†DμhS2i; ðC4Þ

where

hH1i ¼
� v1ffiffi

2
p

0

�
; hH2i ¼

� v2ffiffi
2

p

0

�
; hSi ¼ vsffiffiffi

2
p ; hS2i ¼

vs2ffiffiffi
2

p : ðC5Þ

The mass terms for the gauge bosons are as follows:
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Lm;gauge ¼
1

4

����
�

g2W3
μ − g1Bμ g2ðW1

μ − iW2
μÞ

g2ðW1
μ þ iW2

μÞ −g2W3
μ − g1Bμ

�� v1ffiffi
2

p

0

�����2

þ 1

4

����
�
g2W3

μ − g1Bμ − 2gxCμ g2ðW1
μ − iW2

μÞ
g2ðW1

μ þ iW2
μÞ −g2W3

μ − g1Bμ − 2gxCμ

�� v2ffiffi
2

p

0

�����2 þ 2g2x

�
v2s þ

1

4
v2s2

�
CμCμ

¼ 1

4
g22v

2Wþ
μ W−μ þ 1

8
v21

����
�
g2W3

μ − g1B0
μ −

g1g̃ffiffiffiffiffiffiffiffiffiffiffiffi
1 − g̃2

p C0
μ

�����2

þ 1

8
v22

����
�
g2W3

μ − g1B0
μ −

g1g̃ffiffiffiffiffiffiffiffiffiffiffiffi
1 − g̃2

p C0
μ −

2gxffiffiffiffiffiffiffiffiffiffiffiffi
1 − g̃2

p C0
μ

�����2 þ 2g2xðv2s þ 1
4
v2s2Þ

ð1 − g̃2Þ C0
μC0μ:

Without loss of generality, we do the following redefinitions in the coupling to get simplified expressions:

g0x ¼
g1g̃ffiffiffiffiffiffiffiffiffiffiffiffi
1 − g̃2

p ; gx → gx

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − g̃2

q
: ðC6Þ

In the ðB0
μW3

μC0
μÞT basis, the mass matrix for the neutral gauge bosons is given by

M2 ¼ 1

4

0
BB@

g21v
2 −g1g2v2 g1ðg0xv2 þ 2gxv22Þ

−g1g2v2 g22v
2 −g2ðg0xv2 þ 2gxv22Þ

g1ðg0xv2 þ 2gxv22Þ −g2ðg0xv2 þ 2gxv22Þ g02x v2 þ 4gxg0xv22 þ 4g2xðv22 þ 4v2s þ v2s2Þ

1
CCA: ðC7Þ

The mass matrix for the neutral gauge bosons can be diagonalized as follows:
(i) First we rotate W3

μ and B0
μ to get Aμ and Xμ,0

BB@
Aμ

Xμ

C0
μ

1
CCA ¼

0
BB@

cos θW sin θW 0

− sin θW cos θW 0

0 0 1

1
CCA
0
BB@

B0
μ

W3
μ

C0
μ

1
CCA; ðC8Þ

where tan θW ¼ g1
g2
. The mass term for the neutral gauge boson then becomes

Lm;gauge ¼
1

8
v21ðgzXμ − g0xC0

μÞ2 þ
1

8
v22ðgzXμ − ðg0x þ 2gxÞC0

μÞ2 þ 2g2x

�
v2s þ

1

4
v2s2

�
C0
μC0μ; ðC9Þ

where gz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g12 þ g22

p
. The absence of a mass term for Aμ in the above expression indicates that it remains massless

and can therefore be identified with the photon. The angle θW corresponds to the Weinberg angle, as we get in
the SM.

(ii) Now, the mass matrix of Xμ and C0
μ is given by

M̃2 ¼ 1

4

�
g2zv2 −gzðg0xv2 þ 2gxv22Þ

−gzðg0xv2 þ 2gxv22Þ g02x v2 þ 4gxg0xv22 þ 4g2xðv22 þ 4v2s þ v2s2Þ

�
: ðC10Þ

The above mass matrix can be diagonalized by the orthogonal transformation between Xμ and C0
μ as follows:

�
Zμ

Z0
μ

�
¼
�

cos θ0 sin θ0

− sin θ0 cos θ0

��
Xμ

C0
μ

�
; ðC11Þ

where
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tan 2θ0 ¼ 2gzðg0xv2 þ 2gxv22Þ
g02x v2 þ 4gxg0xv22 þ 4g2xðv22 þ 4v2s þ v2s2Þ − g2zv2

: ðC12Þ

After the diagonalization, the mass of the physical gauge bosons is

M2
Z;Z0 ¼ 1

8
½g2zv2 þ g02x v2 þ 4gxg0xv22 þ 4g2xðv22 þ 4v2s þ v2s2Þ�

∓ 1

8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðg02x v2 þ 4gxg0xv22 þ 4g2xðv22 þ 4v2s þ v2s2Þ − g2zv2Þ2 þ 4g2zðg0xv2 þ 2gxv22Þ2

q
; ðC13Þ

and the final mixing matrix becomes

0
B@

Bμ

W3
μ

Cμ

1
CA ¼

0
BB@

cos θW − sin θW cos θ0 þ g0x
g1
sin θ0 sin θW sin θ0 þ g0x

g1
cos θ0

sin θW cos θW cos θ0 − cos θW sin θ0

0 sin θ0
ffiffiffiffiffiffiffiffiffiffi
g2
1
þg02x

p
g1

cos θ0
ffiffiffiffiffiffiffiffiffiffi
g2
1
þg02x

p
g1

1
CCA
0
B@

Aμ

Zμ

Z0
μ

1
CA: ðC14Þ

APPENDIX D: STABILITY OF THE SCALAR POTENTIAL

All the stability conditions are valid up to 10 TeV. We have also checked that all the unitarity constraints are satisfied in
our analysis. We do not demand our model to be UV complete, so the vacuum stability and unitarity constraints do not cause
any problems at the energy scale we are working with. For details, please see Fig. 7 and 8, respectively.

FIG. 7. Evolution of the stability conditions under the renormalization group flow.

FIG. 8. Evolution of the scalar quartic couplings under the renormalization group flow.
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c1 ¼ λ1 ≥ 0; c2 ¼ λ2 ≥ 0; c3 ¼ λs ≥ 0; c4 ¼ λs2 ≥ 0;

c5 ¼ λ12 þ 2
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
≥ 0; c6 ¼ λ12 þ λ012 þ 2

ffiffiffiffiffiffiffiffiffi
λ1λ2

p
≥ 0;

c7 ¼ λ1s þ 2
ffiffiffiffiffiffiffiffi
λ1λs

p
≥ 0; c8 ¼ λ1s2 þ 2

ffiffiffiffiffiffiffiffiffiffi
λ1λs2

p
≥ 0;

c9 ¼ λ2s þ 2
ffiffiffiffiffiffiffiffi
λ2λs

p
≥ 0; c10 ¼ λ2s2 ≥ þ2

ffiffiffiffiffiffiffiffiffiffi
λ2λs2

p
≥ 0;

c11 ¼ λss2 þ 2
ffiffiffiffiffiffiffiffiffiffi
λsλs2

p
≥ 0: ðD1Þ

APPENDIX E: UNITARITY CONSTRAINTS

λ1s2; λ2s; 2λ1; λ1s; λ2s2; 2λ2; λ12; λ12 � λ012; λ1 þ λ2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1 − λ2Þ2 þ λ0212 þ 4λ2T

q
;

1

2

�
λ1s þ λ2s2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1s − λ2s2Þ2 þ 4λ0212

q �
;

1

2

�
λ1s2 þ λ2s �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1s2 − λ2sÞ2 þ 4λ0212

q �
;

1

2

�
λ12 þ 2λ012 þ λss2 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8λ0212 þ ðλ12 þ 2λ012 − λss2Þ2

q �
; 2λs; 2λs2;

λ1 þ λ2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1 − λ2Þ2 þ λ0212

q
; 3λ1 þ 3λ2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9ðλ1 − λ2Þ2 þ ð2λ12 þ λ012Þ2

q
;

2λs þ 2λs2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ2ss2 þ 4ðλs − λs2Þ2

q
≤ 8π:
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